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INTRODUCTION
Environmental heterogeneity across a landscape produces microenvironments that vary in plant species composition. Within a plant species, environmental heterogeneity has the potential to influence the distribution of genetic variation among populations (Antonovics 1971, Linhart and Grant 1996, Mitton 1997). Environmental heterogeneity can create genetic heterogeneity through several evolutionary processes (Linhart and Grant 1996) . First, natural selection can cause populations to adapt to their local environment, resulting in fine-scale microgeographical variation. This process has been demonstrated for a variety of traits (see reviews by Antonovics and Bradshaw 1970, Linhart and Grant 1996, Mitton 1997), including single or few locus traits (e.g., pathogen tolerance; Dirzo and Harper 1982) , quantitative traits (e.g., Dudley 1996a, b), single locus allozymes (e.g., allozymes and stomatal size; Mitton et al. 1998) , and multilocus allozymes (e.g., soil moisture and temperature; Allard et al. 1972 Allard et al. , 1993 Theoretically, gene flow is expected to homogenize the distribution of genetic variation unless selection is quite strong (Endler 1973 , Slatkin 1985 . Thus, we cannot assume that environmental heterogeneity will lead to genetic heterogeneity for all traits or for all plant species. Even when selection is strong enough within the range of gene flow to create population differentiation (e.g., selection for tolerance to toxic soils; Antonovics and Bradshaw 1970), other aspects of the genome may remain undifferentiated. It may be for this reason that F statistics based on single, putatively neutral loci, often reveal low levels of population differ-entiation (Latta 1998 (Allard et al. , 1993 , Hamrick and Allard 1972) using multiallelic associations, which are another way to look at multiple loci simultaneously. These studies found nonrandom associations with patchily distributed environmental variation.
Multilocus genotypes are appropriate genetic variables to test with environmental heterogeneity, but choosing spatially and temporally relevant environmental variables is more complicated. Evolutionary processes work across many generations of a population, so ideal environmental variables are measures of other organisms or physical attributes that have experienced the same conditions through time and space as the target organism. In this study, we were interested in evaluating the effects of environmental variation on the genetic differentiation of forest tree populations. Forest structure measures, based on densities of trees of different size classes, basal area, and canopy cove; characterize the local environment of each sample tree population. These measures may not be directly responsible for genetic differentiation because forest structure clearly changes through time, but forest structure variables are a good surrogate for unmeasured environmental factors, and thus reflect environmental conditions through time. To complement these quantitative local environmental measures, we also classified populations based on broad, abiotic categories of soil type and slope aspect. Other studies have demonstrated ecological and genetic differences between north and east-facing slope (NE) and south and westfacing slope (SW) aspect classes , Sork et al. 1997 ). Environmentally, the forest-structure measures enabled us to evaluate associations with the local environment whereas the soil-type/aspect classes permitted assessment of the influence of the physical landscape on genotypic distribution.
In this paper, we evaluated the relationship between environmental characteristics and the distribution of genotypes for three common woody species (Quercus alba, Carya tomentosa, and Sassafras albidum) in Missouri Ozark forests. These three species have significant amounts of multilocus genetic differentiation among populations (Koop 1996; Sork et al., in press) in spite of nonsignificant single locus genetic structure as measured by F statistics (Koop 1996 , Sork et al. 1997 . Given the topographical and local habitat diversity of the Ozark landscape (Brookshire and Shifley 1997), we tested whether extensive genetic differentiation was associated with environmental heterogeneity. Our first objective was to assess the correlation between forest structure variables and individual genotypes for each species using composite variables generated from a canonical correlation analysis. Our second objective was to test the association between the physical landscape and multivariate genotypes. Our populations were sampled from one of two aspect classes (south and west-facing slopes, and north and eastfacing slopes) that were found in one of two soil types (Alfisol or Ultisol; Brookshire and Shifley 1997). We tested whether genotypes differ among four soil-type/ aspect classes with multivariate analysis of variance (MANOVA), treating individual genotypes as dependent variables.
METHODS

Study area
The study area was part of the Missouri Ozark Forest Ecosystem Project (MOFEP), a multi-investigator ecosystem project administered by the Missouri Department of Conservation, in southeastern Missouri (Brookshire and Shifley 1997) (see Plate 1). In this forest, Quercus alba shared the canopy with other species of oaks, including Q. stellata, Q. velutina, Q. coccinea, as well as with Pinus echinata and Carya tomentosa (Kurzejeski et al. 1993 ). The study area was divided into nine sites (Fig. 1) , ranging in size from 260 to 527 ha. The sites were contiguous tracts of forest 
Study species
We selected two canopy trees and one understory shrub to be the focal study species: Carya tomentosa Nuttell (Juglandaceae) (common name, mockernut hickory); Quercus alba L. (Fagaceae) (common name, white oak); and Sassafras albidum (Nuttell) Nees (Lauraceae). Hereafter, these species will be referred to as Carya, Quercus, and Sassafras, respectively. Quercus and Sassafras are diploid, whereas Carya is a tetraploid. These three species were chosen because they are widely distributed among MOFEP study sites (Brookshire and Shifley 1997). These species differ in pollen vector, seed dispersal vector, successional status, canopy status, and abundance in the MOFEP sites (Brookshire and Shifley 1997). Carya and Quercus are wind pollinated and vertebrate dispersed, while Sassafras is insect pollinated and bird dispersed. In the Ozarks, Sassafras is early successional and is usually an understory tree (V. L. Sork, personal observation). These three species differ in abundance in the MOFEP sites. Mean Quercus density per site ranges from 185 to 337 individuals/ha across the study area, whereas mean Carya density per site ranges from 83 to 140 individuals/ha, and mean Sassafras density per site ranges from 27 to 83 individuals/ha (Missouri Department of Conservation, unpublished data).
In earlier studies of the genetic structures of these three study species using single-locus models, we found that Carya and Sassafras had significant genetic differentiation among populations (FST = 0.034, 0.139, respectively; Sork et al., in press; FST represents a genetic measure of differentiation), but Quercus did not (FsT = 0.009; Koop 1996) . In contrast, the multivariate genetic structures based on MANOVA revealed highly significant population differentiation for all three species. The percentage of genetic variation attributable to populations was 30% for Carya and Sassafras (Sork et al., in press), and 16% for Quercus (A. L. Koop and V. L. Sork, unpublished manuscript). In fact, for all three species, the differentiation among the nine MO-FEP sites was much less than differentiation among populations within a site. Thus, these species showed a great deal of genetic heterogeneity across the Ozark landscape.
Genetic sampling
The data for this study were collected as part of a genetic survey of tree populations in the MOFEP study area (for full details of sampling and electrophoretic protocols, see Sork et al. 1997 ). We sampled 48 individuals within an area of 1.0 ha from four stands (i.e., populations) in each of the nine sites of the MOFEP study area (Fig. 1) , resulting in a total sample size of 36 populations per species. Stands sampled were located on either south and west-facing slope (SW) or north and east-facing slope (NE) ecological land types. Leaves were collected and placed on ice until they could be stored in an ultracold freezer (-70'C).
All leaf samples were analyzed using standard horizontal starch gel electrophoresis procedures (see Kephart 1990). For each species, we surveyed 20 enzymes on several combinations of five gel-electrode buffer systems (see Koop terns from the other two study species, requiring special interpretation. For homozygotes, we assigned four alleles to the same locus when only one band was observed. For heterozygotes, we assigned the number of alleles according to the intensity of the banding pattern (for description of banding interpretation of tetraploid genotypes, see Murawski et al. 1994 ). For analyses used in this study, we used only polymorphic loci. We were unable to obtain complete sample sizes for all three species due to a freezer breakdown that allowed degradation of some of the Carya samples, and difficulties in obtaining clear enzyme expression across all Sassafras individuals, a problem typical of species in the Lauraceae (V. L. Sork, personal observation). For multivariate statistics, if the genotype of one locus is lost, the entire multilocus genotype must be removed from the analysis. Fortunately, we had sufficient replication within populations that this loss of observations did not eliminate any populations from the Sassafras analysis. The final sample sizes for statistical analysis were 1717 multivariate genotypes (i.e., individuals) from 36 populations across seven isozymes for Quercus, 1077 multivariate genotypes from 31 populations across five isozymes for Carya, and 1094 multivariate genotypes from 36 populations across five isozymes for Sassafras.
Data analysis
The Missouri Department of Conservation provided data from randomly assigned 0.2-ha vegetation plots on density and basal area of all trees, percent canopy cover, soil type, and mean stand aspect for each population sampled (Brookshire and Shifley 1997). We calculated eight separate measures to represent forest structure of each study population, including total basal area, total tree density, small tree density (diameter at breast height [dbh] ' 4 cm and dbh < 11 cm), medium tree density (dbh? 11 cm and dbh < 37 cm), large tree density (dbh ' 37 cm), small pine density (dbh ' 4 cm and dbh < 11 cm), large pine density (dbh -11 cm), and percent canopy cover. We used densities of small and large pine as separate variables, because pines differ from angiosperm wood plants in tree architecture, and they are known to be associated with acidic soils. All forest structure variables showed considerable variation among sample stands (Table 1) To test for associations between multivariate genotypes and environmental variation, we used canonical correlation analyses (CCA) for each study species, generating new composite variables with maximal correlation between individual genotypes and forest structure. We kept the model that best fit the data as determined by the overall canonical correlation, canonical structure, and normality of the residuals (Table 2 ). The best fit CCA model produced a set of univariate canonical variables (i.e., a genotypic vector and forest structure vector, in this case) with maximal correlations that were standardized to a mean of zero and standard deviation of one. Thus, each individual tree sampled had a standardized genotypic canonical score and a standardized forest structure canonical score that could be used in further univariate analyses. Because we were ultimately interested in population-level genotypic associations, we correlated mean genotypic canonical scores per population with forest structure canonical scores for each species (which only exist at the population level; Gram and Sork 1999), and we report these Pearson correlations.
To examine whether broad physical characteristics of the site were associated with multivariate genotypic composition, we tested whether mean population genotypes differed among soil-type/aspect classes. To test for the presence of spatial autocorrelation in genotypic and forest structure data, we compared geographical distances between populations with genotypic and forest structure differences between populations, with a series of Mantel tests (Mantel 1967), using a permutation test with 999 iterations to test for significance. We calculated Mahalanobis genetic distances (Mahalanobis 1948 ) between populations to construct the genotypic distance matrices, and Euclidean distances between populations based on forest structure variables to construct the forest structure distance matrices.
RESULTS
Genotypic composition was associated with environmental variation. Using the first canonical vectors, we found significant correlations between the mean population genotypic vector and the forest structure vector for Quercus (r = 0.67, n = 36, P < 0.0001), Carya (r = 0.85, n = 31, P < 0.0001), and Sassafras (r = 0.57, n = 36, P = 0.0003; Fig. 2 ). These canonical vectors accounted for most of the variation in the canonical correlation analysis model for all three species (Quercus, 68%; Carya, 33%; Sassafras, 46%), and exhibited significant canonical correlations (Table 2) . Al- The correlation between each input variable included in the final CCA model (e.g., see Methods) and its canonical vector are listed for the first genotypic and forest structure vectors of each species. Canonical correlation (R) and significance for each model are presented after species name. Allozymes are listed with an abbreviation to indicate the enzyme (with full name given at first usage), and locus number. The superscript represents allele number for that allozyme. All tree densities are in trees per hectare. t Per-3 (Peroxidase-3) and Mnr-1 (Menadione reductase) alleles were part of the analysis but were not included in the best-fit model. t Density of trees with diameter at breast height (dbh) 2 37 cm, except for large pines which includes trees with dbh > 11 cm.
? Density of trees with dbh 11 cm and dbh < 37 cm. 11 Density of trees with dbh 2 4 cm and dbh < 11 cm. lele patterns among the three species were not similar, but all genotypic canonical vectors were multilocus as indicated by relatively high correlations with several alleles per species. The environmental canonical vector was represented by four to eight forest structure variables, depending on species (Table 2) Table 2 ). Populations (n = 36 for Sassafras and Quercus, n = 31 for Carya) are represented by their study site numbers (1-9). among populations within a soil-type/aspect class was substantial. We did not find significant differences among different soil-type/aspect classes for Quercus (F42,53 = 1.38, P = 0.14), Carya (F6023 = 0.94, P = 0.60), and Sassafras (F36,59 = 0.88, P = 0.65). We did, however, find significant differentiation among populations within classes for Quercus (F448 21478 = 1.40, P < 0. While we recognize that correlation does not demonstrate cause and effect (Linhart and Grant 1996) , identifying a pattern is the first step in demonstrating the role of natural selection (Endler 1986 ). In our study, Carya, Quercus, and Sassafras each exhibited an association with a different set of forest-structure components. Quercus and Carya genotypes varied with large tree density or total basal area, respectively (Table  2, Fig. 2) . Populations of Quercus in stands with many large trees may have been established earlier than those with lower densities of large trees. Older sites may include less shade for a longer period of time, which, in turn, may favor different genotypes. Similarly, Carya genotypes may vary with successional status or local habitat characteristics associated with basal area. Sassafras populations are known to be among the first species to invade an abandoned agricultural land, which may be related to our finding that Sassafras multivariate genotypes varied mostly with canopy cover. It is not surprising to find species-specific responses to ecological factors, yet we cannot determine whether these forest-structure variables are responsible for genotypic differentiation, or that they are correlated with environmental factors, such as microclimate, successional status, or disturbance history, that influence the study species.
The patterns that we observed indicate that populations found in local habitat patches with different forest structure characteristics also differ in combina-tions of multivariate genotypes. Although our multivariate analyses produce gradients of genotypic and environmental scores, the populations along these gradients are not contiguous. In fact, we do not find any spatial autocorrelation in our genetic or environmental axes. Linhart and Grant (1996) proposed that genetic differentiation produced by biotic agents such as parasites or herbivores are likely to create such a pattern. Allard et al. (1993) , who studied patterns of diploid and tetraploid multiallelic associations in Avena hirtula and Avena barbata in California and Spain, found a mosaic of multivariate genotypes that mapped precisely onto environmental patterns of moisture and temperature variation. The Allard et al. study has an implied causal mechanism for the genetic mosaic. In our case, we are unable to identify which biotic or abiotic environmental factors are likely causal agents, but we conclude that the forest structure variables, as bioassays of the environment, provide good evidence that genetic heterogeneity is influenced by local selection pressures.
Differential flowering times among microenvironments could also cause genetic heterogeneity. Jackson (1966) elegantly demonstrated that herbaceous plants differ in their flowering phenology in response to local microclimate. Overlap in flowering time is directly related to gene exchange; little overlap leads to a greater potential for genetic differentiation among populations. In Carya, Quercus, and Sassafras, we did not observe the degree of temporal isolation in flowering that would be required for genetic isolation. Furthermore, it is unlikely that phonological differences would be sufficient to create the observed genetic patterns for all three species, even though differential gene exchange and natural selection might work together to create genetic mosaics (Linhart and Grant 1996) .
We also point out that genetic drift via founder effects may contribute to genetic heterogeneity. In the late 1880s, a large portion of Ozark forests was harvested extensively for timber and then managed for pasture through grazing and fire (Cunningham and Hauser 1989) . Since the 1920s, the Missouri Department of Conservation has purchased large tracts of land, suppressed fires, and managed the region for forest, allowing tree populations to become re-established by stump sprouts, scattered saplings, and newly established seedlings. Such colonization by different founders could increase genetic differentiation among populations, but it is difficult to explain how random founder events would result in a correlation between genetic and environmental variables. It is possible that many of the founders of current populations were stump sprouts from cut trees and saplings that had escaped removal (R. Jensen and D. Dey, personal communication). If so, then these founders would actually reflect the impact of selection on forest populations before clear-cutting. To the extent that natural selection has contributed to the heterogeneity that we observe, we cannot conclude whether it was natural selection on the founders of current populations in predisturbance forest, or natural selection on the individuals who have established postdisturbance. Nonetheless, we conclude that founder effects have probably interacted synergistically with natural selection to create genetic heterogeneity.
We suggest that gene flow should homogenize genetic variation rather than cause genetic structure, at least in Carya and Quercus, because wind-pollinated species are usually associated with high gene flow (Loveless and Hamrick 1984, Hamrick et al. 1995 ). However, we should point out that these forest stands were established after the early 1900s, from trees that were stump sprouts or escaped cutting. Thus, these tree populations are not at genetic equilibrium and may not have had a chance to establish a genetic structure that reflects the outcome of all evolutionary forces. Under these circumstances, founder effects, especially in combination with natural selection, have tremendous potential to influence the genetic mosaic without any mitigating effects of extensive gene flow. Only time will demonstrate whether selection will override gene flow, if it is indeed extensive.
Finally, our analyses did not detect significant differences in multivariate genotypes among soil-type/aspect classes in any of the three study species. Populations within each soil-type/aspect class differed significantly, which demonstrates local genetic heterogeneity, but soil type and aspect alone were not the primary factors associated with genotypic differentiation. These broad, abiotic characteristics probably interact with other local factors to create microenvironments, which, in turn, may influence genetic composition. These findings are consistent with multivariate analyses of genetic structure of these three species (Koop 1996 ). They found significant population differentiation within aspect class and site (17-30% of total variation) but little of the total variation was attributable to differences between the aspect classes (<3%). Thus, genotypic differentiation appears to be operating on a finer scale than soil or aspect differences.
We conclude that natural selection, possibly interacting with founder events, has influenced the population differentiation of these three long-lived plant species. Regardless of the evolutionary mechanisms responsible for genetic differentiation, environmental heterogeneity is likely to create genetic structure. Ecologists need to be aware of the extent to which plant populations can be genetically different even for populations within gene flow distance of each other. Just as community ecologists recognize variation in species composition across complex landscapes, we will benefit from the notion that populations are a community of genes with alleles that vary across heterogeneous environments.
